Experimental data from full-scale experiments with reinforced concrete buildings exposed to blast loading are limited. As full-scale experiments are expensive, numerical simulations of the global response of structures exposed to blast loading may be an attractive substitute. A full-scale experiment on a three-story reinforced concrete building exposed to air-blast is employed to evaluate the performance of FE simulations to represent global response of reinforced concrete structures. The building experienced close to elastic response in the load bearing walls and columns, while cracks were observed in the front wall facing the charge. FE simulations of the global response of the building are performed with a solid element model and a structural element model (shell elements) to compare accuracy to computational cost. The results show that the FE simulations with solid and structural elements give an adequate representation of the global response of the building to a relatively low cost.
Introduction
Designing buildings against accidental loading, terrorist attacks or effects from military munitions are relevant considering todays international threat assessments. In recent years, applying numerical tools for damage evaluation and for design of buildings against blast loading have become more prevalent. Full-scale validation by testing is expensive and not always feasible. Hence, reliable numerical models for local and global response calculations of structures are an attractive substitute. Multi-story buildings designed to withstand blast load are often constructed of monolithic concrete structures. Numerical models of multi-story buildings demand computational expensive element and material models. Several studies on the applicability of modelling entire buildings exposed to impulse loadings have been performed in recent years. Bermejo et al. [1] conducted simulations of full-scale buildings exposed to blast load and compared the response of solid element and structural element formulations. A study by Y.A. Al-Salloum [2] on progressive collapse of a building exposed to blast loading presents an advanced numerical analysis procedure to predict the progressive collapse of reinforced concrete buildings exposed to blast loading. A number of studies on predicting flexural response of concrete components exposed to blast load numerically, have also been performed the last decade, e.g., [3, 4] . Castedo et al. [5] investigated the advantage and accuracy of applying numerical simulations on concrete slabs validated with full-scale experiments.
However, literature involving experiments with global stability of reinforced concrete structures exposed to blast loading is limited. As a part of an EU-project where the scope was to calibrate a particular damage assessment software, a full-scale test where a three-story reinforced concrete building was exposed to exterior blast loading was conducted. The experiment has been used to evaluate the performance of FE simulations to represent global response of reinforced concrete structures exposed to blast loading presented in this work. The main objective is to verify the use of numerical simulations as a tool for damage evaluation of buildings and to investigate the prospects of applying numerical simulations as a design tool for reinforced concrete structures subjected to blast loading.
Experimental Setup
The experiment consisted of a monolithic three-story building casted on-site with footprint 5.0 × 12.0 m and height 7.5 m. The load bearing walls of reinforced concrete were 250 mm thick, the columns 250 × 250 mm and the slabs 120 mm thick, supported by 250 × 380 mm girders spanning across the building. The exterior walls consisted of 250 × 250 × 500 mm Leca blocks with no constraining to the concrete walls. Average compressive cube strength of the concrete was 35 MPa. The concrete walls were doubly reinforced with ø10 c/c 185 mm longitudinal bars and ø10 c/c 193 mm horizontal bars with ø8 shear stirrups along the boundaries. Reinforcement type was standard B500C. The structural response and pressure were recorded with eight accelerometers, eight pressure gauges and one 1.5 kHz laser displacement gauge as shown in Figure 1 . The explosive charge was a cylindrically casted 400 kg TNT charge centered 13 m from the front wall. 
Numerical Study
Based on preliminary studies on relevant constitutive models for concrete in LS-DYNA, CSCM (159) developed by the US Federal Highway Administration [6] was chosen to represent the concrete as it exhibited adequate representation of damage and flexural response, as accordingly seen in the literature, e.g., [7, 8] . The response of the building is studied applying two different modeling approaches; a solid element model with explicit reinforcement and a structural element model of shell elements with implicit reinforcement. The concrete elements in the solid element model are of reduced integration hexahedrals with element size 31.25 mm. Reinforcement is represented by the Hughes-Liu beam elements, constrained with Constrained Lagrangian in Solid (CLIS) [9] . The element size of the reinforcement bars is approximately twice the size of the solid elements to limit the computational costs. However, this is not an ideal discretization and may cause instabilities. The compressive strength of the concrete is set to 35 MPa and the yield strength of the reinforcement bars is set to 500 MPa. The Leca walls are represented by concrete elements with adjusted compressive cube strength and density. For simplicity reasons the building is modelled as clamped to the ground. The structural element model consists of Hughes-Liu shell elements with five integration points over the thickness. Shell element size is also set to 31.25 mm and the shell thickness is specified to 250 mm for the concrete walls, 125 mm for the slabs and 125 mm for the Leca walls. The material model applied to the concrete is 172-EC2 and the building is modeled as clamped to the ground. The shock propagation is studied with the CFD code Chinook [10] and compared to the semi-empirical tool ConWep. Coupled simulations of the blast and response are shown not to be critical to the results. Hence, the ConWep based tool implemented in LS-DYNA, *LOAD_BLAST_ENHANCED [9] is applied to define the blast load. The simulations are run for 200 ms.
Results and Discussion
The global damage of the building after the air-blast is shown in Figure 2 . The concrete wall facing the charge experienced cracks across the span from the free edge to the center of the plate and then diagonally out to the fixed corners. Naturally, Level 1 experienced most damage, then decreasing with increasing height. It was not registered damage to other parts of the structural support system, i.e., shear walls, slabs, columns or girders in the building. Comparison of the velocity and displacement history in longitudinal direction at gauge A7 located at the Level 3 are shown in Figure 3 . The velocity is slightly higher in the numerical simulations than observed in the experiment. The oscillations and drop in velocity after the peak are well captured. The permanent global displacement of the structure is not obtained as the accelerometer recordings drift after 50 ms. Assuming that the total mass is accurately represented, the solid element model behaves less rigid than the structure in the experiment. Damage plot of the building from the numerical simulations is shown in Figure 4 for the solid and structural element model, respectively. For the solid element model, red elements indicate failed elements due to either ductile or brittle damage. Small cracks occur in the concrete façade and there are also indications of cracks in the shear walls at Level 1. These cracks probably occur due to the clamped boundary conditions and could explain the less rigid solid element model. Visually there is good coincidence between the solid element model and the experiment. The fringe plot of the structural element model shows plastic strains in the reinforcement, where red areas indicate reinforcement with higher plastic strains than 1%. Plastic strains in the reinforcement occurs at the front wall, otherwise there is little damage of the structural element model. The velocity and the displacement in horizontal direction at gauge A1 are compared for the experiment and the numerical simulations with solid and structural elements in Figure 5 for the first 50 ms. The initial velocity of the front wall and the following oscillations are sufficiently captured in the numerical simulations. The peak and permanent displacement are also adequately represented. The structural element model displays more rigid behavior of the flexural response of the front wall than the solid element model, as accordingly for the global response. The permanent displacement of the front wall at Level 1 is approximately 11 mm and 5 mm for the solid element model and the structural element model, respectively, while the permanent displacement of the front wall in the experiment was approximately 7 mm (not shown in figure) . The local damage of the rear of the front wall is shown in Figure 6 for Level 3 (a), Level 2 (b) and Level 1 (c) of the building. The crack pattern on the front wall observed in the experiment is similar to the results in the solid element model. In the structural element model plastic strains occur at locations where the reinforcement is expected to be highly utilized. A mesh sensitivity study shows that the solid element model is quite dependent on the element size and the computational cost increase rapidly as the mesh is refined. The element size of the beam elements in the solid model also proves to have great influence on the accuracy. The structural element model is found to be less sensitive to mesh size. Notably, the use of structural elements provide a significant reduction in computational costs with limited loss in accuracy of the global response compared to the solid element model. A brief study on the global response of the building applying the different constitutive models from the preliminary studies has also been conducted. The different models provides as expected quite similar results since the global response is close to elastic. However, the run time for the different constitutive models range from eight hours (72R3-K&C) to 15 hours (272-RHT) for element size 31.25 mm, which may have great impact on the designated material model for large numerical models.
Concluding Remarks
For evaluating global response of multi-story buildings, both the solid element model and the structural element model represent the global displacement of the building within reasonable limits.
For cases with local response of structural components, e.g., columns or facades, a solid element model is necessary to achieve adequate results. However, the structural element model proves to be a quick and easy tool for global damage assessment of reinforced concrete buildings.
Material model CSCM seem to be able to represent both local and global damage in the same model, reproducing cracks and displacements according to the experiment. Further work on global response of reinforced concrete structures should include a study of different material models' abilities to represent global deformations of multi-story buildings in plastic domain. Global response of reinforced concrete structures exposed to blast loading may require different calibration of the material models to provide adequate results or to keep computational costs at a restrained level, compared to material models applied for close-range charges with high confined pressures.
The results in this work show that applying numerical tools for design are highly relevant and feasible at an affordable computational cost, but further validation of the numerical models is still necessary for design purposes.
